Pulmonary hypertension (PH) associated with heart failure with preserved ejection fraction (PH-HFpEF; World Health Organization Group II) secondary to left ventricular (LV) diastolic dysfunction is the most frequent cause of PH. It is an increasingly recognized clinical complication of the metabolic syndrome. To date, no effective treatment has been identified, and no genetically modifiable mouse model is available for advancing our understanding for PH-HFpEF. To develop a mouse model of PH-HFpEF, we exposed 36 mouse strains to 20 weeks of high-fat diet (HFD), followed by systematic evaluation of right ventricular (RV) and LV pressure-volume analysis. The HFD induces obesity, glucose intolerance, insulin resistance, hyperlipidemia, as well as PH, in susceptible strains. We observed that certain mouse strains, such as AKR/J, NON/shiLtJ, and WSB/EiJ, developed hemodynamic signs of PH-HFpEF. Of the strains that develop PH-HFpEF, we selected AKR/J for further model validation, as it is known to be prone to HFD-induced metabolic syndrome and had low variability in hemodynamics. HFD-treated AKR/J mice demonstrate reproducibly higher RV systolic pressure compared with mice fed with regular diet, along with increased LV end-diastolic pressure, both RV and LV hypertrophy, glucose intolerance, and elevated HbA1c levels. Time course assessments showed that HFD significantly increased body weight, RV systolic pressure, LV end-diastolic pressure, biventricular hypertrophy, and HbA1c throughout the treatment period. Moreover, we also identified and validated 129S1/SvlmJ as a resistant mouse strain to HFD-induced PH-HFpEF. These studies validate an HFD/AKR/J mouse model of PH-HFpEF, which may offer a new avenue for testing potential mechanisms and treatments for this disease.
Pulmonary hypertension (PH) secondary to left heart disease (PH-LHD; World Health Organization group II) is the most frequent cause of PH worldwide, and occurs in patients with left ventricular (LV) systolic dysfunction, LV diastolic dysfunction, and valvular heart disease (1-3). With chronic elevated filling pressures in the LV caused by LHD, the backward pressure to pulmonary arteries can lead to vascular remodeling and increased pulmonary arterial pressures (PAP), pulmonary vascular resistance (PVR), transpulmonary pressure gradients, and secondary right ventricular (RV) hypertrophy (4) . Epidemiological studies have documented that PH attributable to LV diastolic dysfunction, also referred to as PH associated with heart failure with preserved ejection fraction (PH-HFpEF), is more prevalent than other forms of PH-LHD.
A recent observational study demonstrated that, among 455 patients with HFpEF characterized by LV end-diastolic pressure (LVEDP) greater than 15 mm Hg and LV ejection fraction (LVEF) of 50% or greater, 239 patients (53%) had PH, defined by a mean PAP greater than 25 mm Hg (5) . Elevated pulmonary pressures are observed in 44 and 69% of patients with HFpEF according to the New York Heart Failure Registry and the Pulmonary Hypertension Connection Registry, respectively (6, 7) . Currently, the hemodynamic definition of pulmonary vascular remodeling in PHHFpEF is under debate, with the severity quantified by increased transpulmonary gradient, PVR, and/or the diastolic pressure gradient. Using the most stringent definition of an increase in the diastolic pressure gradient of 7 mm Hg or greater, the prevalence is approximately 5% of patients with LHD (8, 9) . Because approximately one-half of six million heart failure patients in the United States have HFpEF (10, 11) , and the presence of PH is associated with worse outcomes and mortality in patients with HFpEF (12) (13) (14) , PH-HFpEF is now the subject of active investigations. Despite this, no specific therapy has been identified, and no preclinical mouse models have been developed.
Features of metabolic syndrome, including obesity, diabetes, hyperlipidemia, and hypertension, are recognized as risk factors for developing PH-HFpEF (6, 15, 16) . In fact, two or more of these features are commonly seen in patients with PH-HFpEF (17) . Recently, our group has developed a rat model of PH-HFpEF, which combines endothelial injury using vascular endothelial growth factor receptor blocker, SU5416, in rats with multiple features of metabolic syndrome due to double leptin receptor defect (obese ZSF1) (18) . Although this SU5416/obese ZSF1 rat model closely recapitulates the cardiac phenotype of human PH-HFpEF, the rat model is expensive, with limited molecular tools and techniques compared with mice. In this work, we sought to develop a mouse model of metabolic syndrome-associated PHHFpEF in hopes of enabling the use of genetically modifiable models for testing disease mechanism and potential treatments for PH-HFpEF. Some of the results of these studies have been previously reported in abstract form (19) (20) (21) .
Materials and Methods

Animals Studies
All experimental procedures were approved by the University of Pittsburgh Institutional Animal Care and Use Committee (Pittsburgh, PA). Male mice (Jackson Laboratory, Bar Harbor, ME) were fed a high-fat diet (HFD; 60% lipids/kcal; Research Diets, New Brunswick, NJ) or regular diet (RD; 15% lipids/kcal) for [16] [17] [18] [19] [20] weeks, beginning at 6-12 weeks of age. Mice (n = 3/cage) were given free access to food and water. Body weights and health condition were monitored throughout the treatment period.
Glucose Tolerance and HbA1C Test
For glucose tolerance testing, mice were fasted for 6 hours before being subjected to intraperitoneal injection with filtersterilized 1.8 mg/g dextrose in 0.9% NaCl. Blood samples were taken at different time points, as indicated, and blood glucose levels were measured with a portable glucose meter (ACCU-CHECK Aviva; Roche, Indianapolis, IN). HbA1c levels were determined using an HbA1c blood monitor (A1c Now1; Bayer, Whippany, NJ).
Hemodynamic and Ventricular Measurements
Mice were weighed and anesthetized with isoflurane (5% for induction, 2% during surgery, and 1% while performing pressure-volume loop measurements). RV systolic pressure (RVSP), LVEDP, and LVEF were measured by using a fourelectrode pressure-volume catheter (Scisense, London, ON, Canada) attached to the data acquisition system (EMKA Instruments, Falls Church, VA). RV and LV weights normalized to tibial length were used as indexes of ventricular mass. Fulton index (weight of RV/weight of LV 1 septum) was used as an index of RV hypertrophy.
Pulmonary Vascular Morphometry
Lungs were perfused and fixed with 2% paraformaldehyde, followed by a 30% sucrose-PBS incubation overnight. Frozen sections (7 mm) were stained with FITC-conjugated a-smooth muscle actin (Sigma-Aldrich, St. Louis, MO) and 49,6-diamidino-2-phenylindole. Images of terminal arterioles were captured using a fluorescence microscope digital camera system (Provis; Olympus, Tokyo, Japan). ImageJ 1.45s software (NIH, Bethesda, MD) was used to measure external diameter and medial wall thickness in 5-10 terminal arteries (ranging in size from 50 to 100 mm in external diameter) per lung section from eight mice per group. Medial index (%) = (mean medial wall thickness/mean external diameter) 3 100.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism 6.0 software (La Jolla, CA). Statistical significance of our data was determined by Mann-Whitney U test. Values of P less than 0.05 were considered statistically significant.
Overlapping Publication
The fold change in RV maximum pressure with high-fat feeding by background strain is also reported in an article by Kelly and colleagues (22) to identify genes associated with the development of PH (Figure 1 and set 1
Clinical Relevance
In this work, we screened the response to high-fat diet (HFD)-induced pulmonary hypertension (PH) across 36 mouse strains and identified AKR/J as a highly susceptible mouse strain. This HFD/AKR/J mouse model recapitulates key clinical features known to be present in patients with PH and heart failure with preserved ejection fraction (PH-HFpEF), including elevated right ventricular systolic pressure and left ventricular end-diastolic pressure, preserved left ventricular ejection fraction, and biventricular hypertrophy. Moreover, this mouse model was further validated on the basis of reliability and reproducibility in multiple experimental sets, including time course analysis. We believe that these findings are of significant importance, as there is no approved specific therapy and no consensus therapeutic strategy for PH-HFpEF at present. The newly developed HFD/AKR/J mouse model of PH-HFpEF may be useful for advancing our understanding and testing potential treatments for PH-HFpEF.
in Figure E1 in the online supplement only; all other data were collected independently for further HFD/AKR/J model development and validation).
Results
Response to HFD-Induced PH across 36 Strains of Mice
Epidemiological studies indicate that patients with PH-HFpEF have a higher prevalence of hypertension, diabetes mellitus, obesity, and coronary artery disease than patients with pulmonary arterial hypertension (PAH) (6) . To explore potential mouse models that can recapitulate the pathogenesis and outcome of human PH-HFpEF, we exposed mice at 6-12 weeks of age across 36 inbred and wild-derived mouse strains to RD (15% lipids/kcal) or HFD (60% lipids/kcal), which induces obesity, glucose intolerance, insulin resistance, hyperlipidemia, as well as PH (23, 24) . Using right heart catheterization, we found that 12 out of 36 mouse strains tested had more than a 20% increase of RVSP after 20 weeks of HFD treatment as compared with mice fed a RD ( Figure 1 ). Among these strains, AKR/J, NON/shiLtJ, and WSB/EiJ were highly susceptible to HFD-induced PH, suggesting that these strains may be considered as the starting points to develop metabolic syndrome-associated PH-HFpEF. Moderate changes in RVSP were seen in the most widely used inbred strain, C57BL/6J, and several related mouse strains, including C57BL/10J, C57L/J, and C57BR/cdJ. In addition, we also observed that 10 out of 36 mouse strains, such as 129S1/SvlmJ, PL/J, DBA/1J, and NOD/ShiLtJ, were relatively resistant to HFD-induced PH. See Kelly and colleagues (22) for detailed body weight, LVEDP, arterial blood pressure, LV mass, and RV mass across all 36 mouse strains.
Validation of HFD-Induced PH-HFpEF in AKR/J Mouse
From the strains that are highly susceptible to HFD-induced PH, we selected AKR/J for further model development as it is known to be prone to HFD-induced metabolic syndrome (25) , is less aggressive, and exhibited highly reproducible hemodynamics ( Figure E1 ). Concomitant with elevated RVSP (28.5 6 0.7 and 37.1 6 1.2 mm Hg, RD and HFD, respectively; mean PAP, 19.8 6 0.3 versus 25.9 6 0.9 mm Hg; Figure E2A ), HFD-treated AKR/J mice had higher LVEDPs and preserved LVEF compared with mice treated with RD (Figures 2A-2D ). In addition, both RV and LV hypertrophy were observed in HFD-treated AKR/J mice ( Figures 2E and 2F) .
Pulmonary vascular proliferative remodeling and elevated PVR were also observed in HFD-treated AKR/J mice ( Figures 2G and 2H ). Consistent with the previous studies, which described the impact of HFD on metabolic syndrome, HFD-treated AKR/J mice had significantly higher body weights and glycated hemoglobin (HbA1c) levels than RD-treated mice ( Figures 2I and 2J) . Moreover, as shown in Figure 2K , HFDtreated AKR/J mice had impaired glucose tolerance as determined by the glucose tolerance test. Furthermore, RVSP, LVEDP, and biventricular hypertrophy correlated with body weight and HbA1c levels in AKR/J mice ( Figures 3A-3H) . Collectively, these observed hemodynamic and metabolic features in HFD-treated AKR/J mice are consistent with the clinical characteristics of human PH-HFpEF.
HFD Promotes Progression of PH-HFpEF in AKR/J Mouse
To further evaluate the impact of HFD on disease progression, we monitored metabolic and hemodynamic changes in AKR/J mice throughout the treatment period. AKR/J mice consuming HFD increased their body weights compared with RD-treated mice in a time-dependent manner ( Figure 4A ). Consumption of HFD markedly increased HbA1c levels in AKR/J mice, particularly after 12 weeks of treatment ( Figure 4B ). In line with the increased body weights and HbA1c levels, our data show increased RVSP with elevated LVEDP, as well as both RV and LV hypertrophy after 12 weeks of HFD ( Figures 4C-4F ). These results demonstrate that AKR/J mice subjected to HFD progressively develop metabolic syndrome-associated PH-HFpEF.
129S1/SvlmJ Is Resistant to HFD-Induced PH-HFpEF
Among the strains that are resistant to HFD-induced PH (Figure 1 ), we selected 129S1/SvlmJ mouse strain for further validation, because it is commonly used to generate genetically engineered mice. Whereas body weights, HbA1c levels, and glucose intolerance were increased in 129S1/SvlmJ mice after 20 weeks of HFD exposure compared with RD-treated mice ( Figures 5A-5C ), we observed no increase in RVSP (19.3 6 0.9 and 20.4 6 1 mm Hg, RD and HFD, respectively; Figure 5D ), nor did we detect changes in LVEDP or biventricular hypertrophy in HFD-treated 129S1/SvlmJ mice ( Figures 5F-5H ). In addition, no significantly difference in RVSP was observed after 40 or 60 weeks of HFD exposure in 129S1/SvlmJ mice (21.8 6 1.8 and 25 6 1.4 mm Hg, RD and HFD, respectively, at Week 60; Figure 5I ).
Together, these data demonstrate that 129S1/SvlmJ is a highly resistant strain to HFD-induced PH-HFpEF.
Discussion
The development of PH in HFpEF has been increasingly recognized as a clinical complication of metabolic syndrome. However, there are no consensus therapeutic strategies and no genetically modifiable mouse models available for advancing our understanding of the molecular basis of metabolic syndrome-associated PH-HFpEF. Using high-fat feeding, which is a well described method to induce metabolic syndrome in mice, across 36 inbred and wild-derived mouse strains, we identified the inbred strain, AKR/J, as a mouse model of metabolic syndrome-associated PHHFpEF. This HFD/AKR/J mouse model recapitulates key clinical features known to be present in patients with PH-HFpEF, including elevated RVSP and LVEDP, preserved LVEF, and biventricular hypertrophy. Moreover, this mouse model was further validated for the reliability and reproducibility in multiple experimental sets ( Figure E1 ). After 16-20 weeks of HFD exposure in AKR/J mice, we observed that an increase in severity of PH (z37 mm Hg) was close to that observed in patients with PHHFpEF (RVSP range, 46-51 mm Hg) (5, 7). Although LVEDP levels in the HFD/AKR/J mice were lower compared with patients with PH-HFpEF, this may have been caused by intraoperative hemorrhage during invasive right-to-left-sided cardiac catheterization in animals, as well as prolonged anesthesia (left-sided pressures are obtained after RV measures in our protocols). In agreement with the previous findings, which suggest that patients with PH-HFpEF have a high prevalence of obesity, diabetes, and hypertension (6, 15, 17) , HFD/AKR/J mice also develop a diabetic phenotype associated with obesity and severe glucose intolerance. Interestingly, hemodynamic features of PH-HFpEF in HFD/AKR/J mice appear to correlate with elevated body weight and HbA1c levels (Figure 3) , consistent with the previous findings that link obesity, hyperglycemia, and diabetes to increased LVEDP and elevated pulmonary pressures in patients with PH-HFpEF (5, 6, 17) .
Together, these data demonstrate that HFD/AKR/J mouse model is relevant to the pathogenesis and clinical outcomes of human PH-HFpEF.
Recently, our group has developed a two-hit model of PH-HFpEF, which combines SU5416-induced pulmonary endothelial injury in rats with multiple features of metabolic syndrome, diabetic nephropathy, and diastolic dysfunction (obese ZSF1) (18) . This rat model was used to evaluate the therapeutic effects of both metformin and sodium nitrite on insulin sensitivity and PH. Both agents improved metabolic syndrome via the activation of sirtuin-3 in skeletal muscle, which signaled via AMP-activated protein kinase and glucose transporter type 4 to increase skeletal muscle glucose uptake. Both agents reduced pulmonary pressure in early intervention models, suggesting new approaches to PH-HFpEF therapy. Although AKR/J mice present a less profound diabetic phenotype after 20-week exposure to HFD, we found that pulmonary pressures in both SU5416/obese ZSF1 rats and HFD/AKR/J mice increase to the same degree, which was accompanied by similar increases in LVEDP, RV hypertrophy, and LV hypertrophy. Moreover, consistent with our previous finding in SU5416/obese ZSF1 rats, chronic oral supplementations of nitrite and metformin also significantly reduced pulmonary pressures in HFD/AKR-J mice ( Figure E3) . Hence, the similarities between these two animal models imply that the HFD/AKR/J mouse model of metabolic syndrome-associated PH-HFpEF can be employed broadly, notably, when gene manipulations are required.
Although we observed that 129S1/SvlmJ and AKR/J mice had similar levels of obesity and glucose intolerance after 20 weeks of HFD exposure, 129S1/SvlmJ mice had lower HbA1c levels and were correspondingly resistant to HFD-induced PH. This observation may be explained by previous findings, where 129-background mice had high high-density lipoprotein cholesterol levels and normal insulin sensitivity when fed with an HFD (26, 27) . Interestingly, even though HFD-treated C57BL/6J and AKR/J mice developed a comparable degree of obesity, glucose intolerance, and hyperglycemia ( Figure E4 ), changes in RVSP were moderate in C57BL/6J mice. The mechanism leading to this difference is unclear; however, HFD-treated C57BL/6J mice have been reported to have less severe insulin resistance compared with AKR/J mice (28) . Recently, high-fat, high-sucrose diet has been shown to induce profound researchers to tease out whether these criteria will differ in prognosis and predicting the progression of PH-HFpEF in future epidemiological studies. Furthermore, in an accompanying evaluation of genome-wide association, Kelly and colleagues (22) identify candidate genes that regulate RVSP across all 36 strains. In summary, our HFD/AKR/J mouse model offers a new avenue for identifying mechanisms and potential targets for therapeutic intervention for this disease. The use of effective treatments approved for PAH has been shown to be inefficient or even harmful in patients with PHHFpEF. Because there is no approved specific therapy and no consensus therapeutic strategy for PH-HFpEF at present, the development of a genetically modifiable HFD/AKR/J mouse model that recapitulates key clinical features known to be present in patients with PHHFpEF is important for future work in the field. n Author disclosures are available with the text of this article at www.atsjournals.org.
